Inosine triphosphate pyrophosphatase (ITPase), the enzyme that hydrolyzes ITP and other deaminated purine nucleoside triphosphates to the corresponding purine nucleoside monophosphate and pyrophosphate, is encoded by the Itpa gene. In this study, we established Itpa knockout (KO) mice and used them to show that ITPase is required for the normal organization of sarcomeres in the heart. Itpa À/À mice died about 2 weeks after birth with features of growth retardation and cardiac myofiber disarray, similar to the phenotype of the cardiac a-actin KO mouse. Inosine nucleotides were found to accumulate in both the nucleotide pool and RNA of Itpa À/À mice. These data suggest that the role of ITPase in mice is to exclude ITP from the ATP pool, and the main target substrate of this enzyme is rITP. Our data also suggest that cardiomyopathy, which is mainly caused by mutations in sarcomeric protein-encoding genes, is also caused by a defect in maintaining the quality of the ATP pool, which is an essential requirement for sarcomere function. Nucleotide and polynucleotide molecules are spontaneously damaged under the physiological conditions.
Nucleotide and polynucleotide molecules are spontaneously damaged under the physiological conditions. [1] [2] [3] These modifications often cause a nucleotide to pair with an alternate partner nucleotide in DNA. 4, 5 For example, 8-oxo-dGTP, an oxidized product of dGTP, can pair with adenine as well as cytosine during replication, resulting in a transversion mutation. 4 8-Oxoguanine in DNA appears through two independent pathways, either by an incorporation of the oxidized precursor, 8-oxo-dGTP during DNA synthesis, or by the direct oxidation of a guanine base in DNA. 6, 7 To prevent the former pathway from being used, mammals possess the oxidized purine nucleoside triphosphatase encoded by the Mth1 gene, that degrades 8-oxo-dGTP into 8-oxo-dGMP and pyrophosphate, 8, 9 and to protect against the latter pathway, 8-oxoguanine-DNA glycosylase, encoded by the Ogg1 gene, removes the oxidized base from the DNA. [10] [11] [12] [13] [14] [15] To evaluate the roles of these enzymes in mouse, we produced Ogg1 and Mth1 single-knockout mice, as well as Ogg1 plus Mth1 double-knockout mice, and showed their tumor susceptibility and the accumulation of 8-oxoguanine in their DNA. 6 Similar to oxidation, deamination is also a common chemical modification that nucleotides may undergo under physiological conditions. 1, 2 In the case of deaminated purine bases, such as hypoxanthine, it is considered that inosine triphosphate pyrophosphatase (ITPase), endonuclease V and hypoxanthine-DNA glycosylase have a role in eliminating the deaminated bases from DNA. [16] [17] [18] [19] Saparbaev and Laval 19 reported that alkylpurine-DNA glycosylases engage in hypoxanthine-DNA glycosylase activity both in Escherichia coli and mammalian cells. The alkylpurine-DNA glycosylase-deficient (Mpg knockout) mouse has features of impaired base excision repair of alkylation-induced DNA damage, and increased sensitivity to methyl methanesulfonate and streptozotocininduced diabetes. 20, 21 However, there is no report regarding ITPase and endonuclease V knockout mouse as yet.
The enzyme activity of ITPase (EC 3.6.1.19) was first described in 1969. 22 ITPase, which is encoded by the Itpa gene in mammals, hydrolyzes deaminated purine nucleoside triphosphates, such as dITP and ITP, to the corresponding purine nucleoside monophosphate and pyrophosphate. 16, 23 The enzyme was identified as a novel NTP pyrophosphatase by a protein structure-based approach in 1999. 24 We have reported the genomic organization and expression of the mouse Itpa gene in 2005. 23 In this study to elucidate the biological significance of ITPase in mice, we produced an Itpa knockout. These Itpa À/À mice died about 2 weeks after birth with features of growth retardation and cardiac myofiber disarray.
Results

Biological features of Itpa
À/À mice. To disrupt the Itpa gene, exons 2-4 that encode V23-I88 of mouse ITPase were replaced with the polII-neo cassette (Figure 1a) . Two independently targeted ES clones were obtained and used to establish the knockout (KO) mouse strains. The Itpa genedisrupted ES cells were injected into C57BL/6J blastocysts to produce Itpa KO mice. Disruption of the Itpa gene was confirmed by Southern blotting (ES clone, Figure 1b) as well as by genomic PCR (KO mice, Figure 1c ). When we analyzed the expression of the Itpa gene in Itpa KO mice, we detected a shorter length of cDNA in the RT-PCR product of Itpa KO mouse RNAs using primer sets positioned in exons 1 and 8 ( Figure 2a) . The shorter length of cDNA was detected in both KO mouse strains. The unexpected cDNA contained a sequence corresponding to exons 1, 5, 6, 7 and 8, with one G insertion between exons 1 and 5 ( Figure 2b ). This abnormally spliced RNA encodes a polypeptide composed of 29 amino acids, that is, the first 22 amino acids encoded by exon 1 of the Itpa gene and an additional 7 misframed amino acids derived from the exon 5 sequence. The aberrant translation product lacks the major portion of ITPase (176 a.a./198 a.a.), including the residues thought to interact with ITP (Figure 2c) . 16 The null expression of the ITPase protein in the Itpa À/À mouse was confirmed by western blotting using a rabbit anti-ITPase antiserum. We did not detect any signal corresponding to the expected size of ITPase (MW, 21.9 kDa) in Itpa À/À mouse samples (Figure 3a) . A 3.1 kDa peptide, the expected translation product of abnormally spliced RNA, was not detected in our system, perhaps because of an instability of the peptide or the detection limit of the antiserum (Supplementary Figure) . Finally, no ITPase activity was detected in the erythrocyte extract of the Itpa À/À mouse (Figure 3b ), and we concluded that the gene disruption had succeeded.
The Itpa þ /À mouse was indistinguishable from its Itpa
littermates with respect to size, viability, fertility and behavior.
About 10% of offspring obtained by the mating of Itpa þ /À mice showed the Itpa À/À genotype ( Figure 4a ). The birth ratio indicates that more than half of the Itpa À/À mice died before birth. Although there was a significant amount of milk in the stomach of Itpa À/À newborn mice, these mice showed growth retardation and died about 14 days after birth (Figure 4b-d) . Prior to death, the Itpa À/À mouse showed ataxia, abnormal breathing (Supplemental Movie 1) and heart abnormalities. These phenotypes were common in the two knockout mouse lines, independently established from different Itpa þ /À ES cells. On pathological analysis, the Itpa À/À mouse showed such features as immature hair follicles, hyperkeratosis of the forestomach, decreased extramedullary hematopoiesis in liver and spleen, and germ cell hypoplasia in testis (data not shown), in addition to hypoplasia of the heart (Figure 5a-c) . The heart of the Itpa À/À mouse was smaller and immature, especially the ventricle regions. Analysis of a 10 days old Itpa À/À mouse heart showed that both ventricular chamber walls were thinner than those of the Itpa þ / þ mouse heart (Figure 5d-f) . The striated staining of desmin corresponding to the Z-disc was absent in the Itpa À/À heart and disorganization of myocardial fiber was observed (Figure 5g-i) . By ultrastructural analysis of Itpa À/À mouse cardiomyocytes, it was evident that the number of sarcomeres was decreased and that the sarcomere structure was broken and disorganized. The shape of mitochondria was changed, although the inner We detected neither apoptotic cardiomyocytes nor symptoms of myocardial infarction in Itpa À/À mouse heart (data not shown). These results indicate that an ITPase deficiency causes disruption of the sarcomere structure in cardiomyocytes. Using echocardiography, we compared the cardiac performance of the Itpa À/À mouse to that of the wild type. As shown in Supplementary Movie 2, movement of the Itpa À/À mouse heart was unsynchronized and jerky.
Accumulation of inosine nucleotides in the Itpa
À/À mouse. Under ITPase-deficient conditions, ITP was expected to appear in the nucleotide pool and the accumulated ITP to be incorporated into RNA. To analyze the contents of the nucleotide pool, we set up nucleotide separation conditions under which 15 kinds of nucleotides (ATP, CTP, GTP, UTP, ITP and their mono-and diphosphate forms) could be separated using an HPLC system equipped with a C-18 column ( Figure 6a ). As shown in Figure 6b , we confirmed that the ITP accumulation corresponded to about 10% of the ATP molecules in the nucleotide pool of the Itpa À/À mouse (10 days old) erythrocytes. No ITP was detected in Itpa þ / þ and Itpa þ /À mouse erythrocytes. In the case of organs, including the heart, however, we could not detect any ITP peak in the nucleotide pool of the Itpa À/À mouse (data not shown). One possibility is that the accumulated ITP is spent in its incorporation into RNA by transcription, except in erythrocytes where transcription does not occur. Alternatively, a rapid degradation of nucleotides may prevent detection of minor nucleotide species in tissues. (1) and (2) indicate the different KO mouse strains. cDNAs prepared from the liver RNA were shown. The shorter molecule was also observed in the heart cDNA of the Itpa To determine the inosine nucleotide that was incorporated into RNA, we digested total heart RNA with the nuclease P1, and separated the digest on a C-18 column. As shown in Figure 6c , we detected IMP in Itpa À/À mouse RNA, and the amount was equivalent to about 1% of the AMP. These results clearly showed that ITP was produced in mouse cells, and that ITPase degraded the deaminated nucleotides to maintain the quality of the ATP pool.
Expression of the Actc1 gene in Itpa À/À mouse. As shown in Figure 5j , it was evident that the number of sarcomeres was decreased and that the sarcomere structure was broken and disorganized. This kind of abnormality is also a feature of human cardiomyopathy and its mouse models. 29 Although a number of genes have been identified as responsible for the cardiomyopathy, 30 until now, the Itpa gene has not been reported as a candidate.
A deficiency in the Actc1 gene, one of the genes encoding sarcomeric protein, is a causative factor of human cardiomyopathy. This gene encodes cardiac a-actin, and the Actc1 knockout mouse showed a similar phenotype to that of the Itpa À/À mouse. 31 As the Actc1 gene is located near the Itpa gene on mouse chromosome 2, we determined whether Itpa gene disruption affected Actc1 gene expression. Semiquantitative RT-PCR analysis showed that the amount of Actc1 mRNA was not affected by Itpa gene disruption in the heart (Figure 7) . The nucleotide sequence of Actc1 cDNA cloned from Itpa À/À mouse heart showed no mutations (data not . These results support the concept that the presence of ITP in the ATP pool has a deleterious effect on sarcomeric proteins, such as actomyosin, and that ITPase activity may alter vulnerability to certain cardiac muscle diseases.
Discussion
To control the quality of the nucleotide pool, organisms possess a number of nucleoside triphosphatases, which degrade non-canonical nucleoside triphosphates. 32 To clarify the biological significance of the damaged nucleotides and the enzymes that eliminate them, we produced and analyzed KO mice which lack sanitizing enzyme activity. Here, we have produced and analyzed ITPase-deficient (Itpa À/À ) mice. In contrast to the Mth1 À/À mouse, which lacks 8-oxo-dGTPase activity and survives normally, the Itpa À/À mouse dies before weaning with features of growth retardation. We found that the heart of the Itpa À/À mouse is structurally and functionally abnormal.
ATP, a multifunctional nucleotide and the most abundant in the nucleotide pool, plays a fundamental role in a wide variety of cellular processes, including RNA synthesis, energy translation, signal transduction, cytoskeleton remodeling and muscle contraction. In the case of cardiac function, a number of sarcomere proteins require ATP for their normal activities. Oxidative deamination of adenine at C-6 converts ATP to ITP. Because ITP retains a molecular structure similar to that of ATP, it can act as an aberrant substrate replacing ATP in some biological processes. For example, it has been shown that MgKITP-bound actomyosin has a greatly reduced shortening velocity and rate of force recovery as compared with the MgKATP-bound form, and shows disordered striations during activation in vitro. 33 One likely possibility is that, during cardiac development of the Itpa À/À mouse, accumulated ITP competes with ATP (Figure 8a ), which is required for actomyosin function in the sarcomere. Asynchronous sarcomere movements may cause a degradation of the striated pattern of the sarcomere, and destroy its well-organized structure (Figure 5j ), which is essential for heart function. In addition, we observed that IMP is accumulated in the RNA of Itpa À/À mouse tissue (Figure 6c ). It is also likely that the incorporated hypoxanthine nucleotides cause RNA information to be altered, resulting in the production of defective proteins and destruction of the structure of functional RNAs. In either case, it is necessary for cells to eliminate ITP from their ATP pool by ITPase to keep themselves healthy.
It is well known that quality control of the nucleotide pool is important for DNA and RNA synthesis. By way of analogy to 8-oxo-dGTPase (MTH1) function, ITPase has been considered to prevent dITP-induced mutagenesis. 7, 16 However, because the K m value of ITPase to its substrate is not particularly small (0.31 mM for dITP), 16 as compared with the size of the dNTP pool (0.013 mM for dATP), 34 it is more likely that ITP, a deaminated product of ATP, which is the most abundant nucleotide in the nucleotide pool (2.8 mM), 34 is a physiological substrate for ITPase in mammalian cells. Our findings with the Itpa À/À mouse are in good agreement with the hypothesis that ITPase functions to exclude ITP from the ATP pool and to protect cells from the harmful influence of deaminated purine nucleotides (Figure 8b ).
In the case of human ITPase deficiencies, however, no major phenotype except for the abnormal accumulation of ITP in erythrocytes has been reported. Sumi et al. 35, 36 found that the P32T mutation is responsible for the human ITPase deficiency, and proposed a relationship between this deficiency and an increased sensitivity to the toxicity of purine analog drugs. They mentioned that the ITP level in ITPasedeficient human erythrocytes may represent 10-25% of the ATP pool, which is similar to the amount of ITP observed in the Itpa À/À mouse. To explain the difference in the phenotypes of ITPase-deficient mice and humans, we considered two hypotheses. One is that there is another compensational mechanism in human cells used in excluding ITP from the ATP pool, other than that involving ITPase. The other is that an ITPase deficiency may be related to some form of heart As observed in the Itpa À/À mouse, a loss in ITP degradation leads to a cardiomyopathy-like phenotype, which is mainly caused by mutations of sarcomeric protein-encoding genes. It is clear that maintenance of the quality of the ATP pool is important for sarcomere organization in the heart. As ITP has structural similarity not only to ATP but also to GTP, ITPase activity would be important in keeping biochemical processes in cells functioning properly. Using ITPase-deficient cells, we are now able to evaluate the significance of deaminated purine nucleoside triphosphates originating in mammalian cells.
Materials and Methods
Materials. Oligonucleotides were obtained from Genenet Co. Ltd. (Fukuoka, Japan). Recombinant Taq DNA polymerase and 1 Kb Plus DNA Ladder were obtained from Takara Bio Inc. (Otsu, Japan) and Invitrogen Japan K.K. (Tokyo, Japan), respectively. Anti-b-actin antibody (A-5316), ITP and other nucleotides were purchased from Sigma-Aldrich Japan K.K. (Tokyo, Japan). Nuclease P1 was obtained from Seikagaku Corporation (Tokyo, Japan).
Generation and analyses of the Itpa-gene disrupted mouse. To disrupt the Itpa gene, the l-phage clones, lmITPA22 and lmITPA4, 23 which contain exons 1-6 and 2-7 of the mouse Itpa gene, respectively, were used to Figure 6 Accumulation of inosine nucleotide in the Itpa À/À mouse. The absorbance of each sample at 248.5 nm (the wavelength corresponding to the maximum absorbance of the inosine nucleotide at pH 6) was plotted. (a) HPLC conditions for the separation of nucleotides. A volume of 10 ml of a standard nucleotide mixture containing ATP, ADP, AMP, CTP, CDP, CMP, GTP, GDP, GMP, ITP, IDP, IMP, UTP, UDP and UMP (25 mM each) were chromatographed on a SunFire 5.0 mmC 18 column (4.6 Â 250 mm) as described in the Materials and Methods section. After each run, the column was washed with 50% methanol. Under these conditions, we obtained a good separation pattern except for UMP and GDP. The AMP peak was not included on the chart due to its long retention time (13. (Figure 1a ). The targeting vector was then introduced into CCE ES cells by electroporation using standard procedures. 25 Two independently targeted ES clones were obtained and used to establish the knockout mouse strains. Disruption of the Itpa gene was confirmed by Southern blotting, PCR and RT-PCR. Southern blotting was performed using a 32 P-labeled EcoRI-NheI fragment as a 5 0 -flanking probe. The null expression of the ITPase protein in the Itpa À/À mouse was confirmed by western blotting using a rabbit anti-ITPase antiserum. ITPase activity was determined using erythrocyte extracts of the mice.
To determine the birth ratio of the Itpa À/À mouse, Itpa þ /À mice (N1), which were the offspring of chimera male mice and C57BL/6J females, were used for mating. Itpa À/À mice were obtained by the mating of Itpa þ /À mice (N1-N5). C57BL/6J mice were purchased from CLEA Japan Inc. (Tokyo, Japan). Echocardiograms were obtained using a Vevo660 imaging system (Vevo660, VisualSonics Inc., Toronto, Canada). All studies were approved by the Animal Care and Use Committee, Medical Institute of Bioregulation, Kyushu University.
PCR and RT-PCR. Tail DNA was used for the genomic PCR to determine the genotype of each mouse. The position and direction of each primer are shown in Figure 1a . The primer sequences used to determine the genotype were as follows: WT, 5 0 -CAGACAACCCTGAGTCACTAGGCTG-3 0 and 5 0 -GTCTGTCTTCCTGTGT CCTGACTC-3 0 ; KO, 5 0 -GTACATGTACATATCTATGTGGCCG-3 0 and 5 0 -AGAGCG AGGGAAGCGTCTACCTA-3 0 . For RT-PCR analyses, total RNAs of liver and heart were prepared using ISOGEN (Nippon Gene Co. Ltd, Tokyo, Japan), according to the manufacturer's instructions. First-strand cDNA was synthesized with a FirstStrand cDNA Synthesis kit (GE Healthcare Bio-Sciences K.K., Tokyo, Japan) using NotI-d(T) 18 primer. The primers 5 0 -AAGCTTGCCATGGCTGCGTCTTTGGTCG-3 0 and 5 0 -AAGTCTTCTAGAATTTACATTTGC-3 0 were used to amplify the Itpa cDNA.
Western blotting and antibodies. Western blotting analysis 26 and preparation of the anti-ITPase antiserum 23 were described earlier. The rabbit anti-ITPase antiserum (1/500 dilution), which was able to detect both human and mouse ITPase proteins with almost the same efficiency, 23 was used for the western blotting analysis. Proteins recognized by the anti-ITPase antiserum were detected by horseradish peroxidase-conjugated protein A with an ECL-Plus kit (GE Healthcare Bio-Sciences K.K.) using an LAS1000 Plus (Fuji Film Co., Tokyo, Japan) as a detector. The same membrane was treated with WB stripping solution (Nacalai Tesque Inc., Kyoto, Japan), and reused to detect b-actin by mouse monoclonal antib-actin antibody (A5316, Sigma-Aldrich Japan K.K.).
ITPase assay. ITPase activity was assayed by measuring the hydrolysis of ITP to IMP. 23 The red blood cells (RBCs) were washed three times with three volumes of 0.9% NaCl, and quickly frozen in LN 2 . The frozen RBCs were lysed by adding a 10-fold volume of H 2 O to obtain the erythrocyte extract. The protein concentration was determined with a Protein Assay system (Bio-Rad Laboratories Inc., Tokyo, The function of ITPase in mouse cells. Quality control of the nucleotide pool is important not only because DNA (I) and RNA (II) are made up of the nucleotides which it supplies, but also because of the biological pathways that require nucleotides for activities (III), such as those involved in muscle contraction and heart development Japan) using bovine serum albumin (Thermo Fisher Scientific K.K., Yokohama, Japan) as a standard. The reaction mixture (50 ml) contained 50 mM TrisKHCl (pH 8.5), 50 mM MgCl 2 , 1 mM DTT, 0.2 mM ITP and 2-20 mg of the erythrocyte extract to be examined. The reaction was run at 301C for 15 min, and stopped by adding an equal volume (50 ml) of 10% trichloroacetic acid. The reaction mixture was neutralized with a 1/9 volume of 3 M K 2 HPO 4 , and applied to HPLC analysis.
Detection of inosine nucleotides by HPLC. Separation and quantification of nucleotides were performed by HPLC using a Waters Alliance 2690 separation module equipped with a Model 996 photodiode array detector (Nihon Waters K.K., Tokyo, Japan). A buffer consisting of 0.1 M K 2 HPO 4 (pH 6.0) was used as the mobile phase without any organic solvent. To detect ITP in the nucleotide pool, an erythrocyte extract corresponding to 90 mg of protein was treated with 5% trichloroacetic acid, and the soluble fraction was analyzed by HPLC (SunFire 5.0 mmC 18 column, 4.6 Â 250 mm, Nihon Waters K.K.). To quantify the inosine nucleotide in the heart RNA, the total RNA (2.5 mg) was digested with 0.5 U of nuclease P1 27 at 501C for 1 h, and separated on a Wakopak Handy ODS column (4.6 Â 250 mm, Wako Pure Chemical Industries Ltd, Osaka, Japan).
Pathological analysis. Hematoxylin and eosin, and anti-desmin immunohistochemical staining were performed as described. 28 For the ultrastructural analysis, fixed heart sections were cut at a thickness of 70-80 nm, stained with 1% uranyl acetate followed by staining with a 1% lead citrate, 1% lead acetate and lead nitrate mixture, and were then examined with a JEM2000Ex (JEOL Ltd, Tokyo, Japan) electron microscope using an accelerating voltage of 80 KV.
